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Tuberculosis (TB) remains a threat to global health. While advances in diagnostics and treatment are
crucial to the containment of the epidemic, it is likely that elimination of the disease can only be achieved
through vaccination. Vaccine-induced protection from Mycobacterium tuberculosis is dependent, at least in
part, on a robust Th1 response, yet little is known of the ability of TB vaccines to induce other T-cell
subsets which may influence vaccine efficacy. Interleukin-17A (IL-17A) is a proinflammatory cytokine
produced by Th17 cells which has been associated with both immune pathology and protection against
infectious disease. Following vaccination with MVA85A, a viral vector vaccine aimed at enhancing immune
responses to M. tuberculosis, antigen-specific IL-17A-producing T cells were induced in the peripheral
blood of healthy volunteers. These T cells are detected later than gamma interferon (IFN-␥)-secreting T
cells and are of a low magnitude. Preexisting immune responses to mycobacterial antigens were associated
with higher CD4ⴙ CD25hi CD39ⴙ T-cell levels in the periphery and a reduced capacity to produce IL-17A
following immunization. These data highlight the intricate balance of effector and regulatory immune
responses induced by vaccination and that preexisting immunity to mycobacterial antigens may affect the
composition of vaccine-induced T-cell subsets.
Tuberculosis (TB) remains a global health problem due to
the emergence of drug-resistant strains of Mycobacterium tuberculosis, HIV-TB coinfection, and failure of the BCG vaccine
to control adult pulmonary TB (9, 13). There is evidence that
protection from M. tuberculosis is, at least in part, dependent
on a robust Th1 response and the secretion of gamma interferon (IFN-␥) by antigen-specific T cells (1, 15, 22). Although
IFN-␥ alone is not sufficient for protection, in the absence of a
better biomarker, early clinical trials of new TB vaccines use
antigen-specific IFN-␥ production as the primary gauge of
vaccine-induced immune responses (16). In early clinical trials,
modified vaccinia virus Ankara expressing antigen 85A from
M. tuberculosis (MVA85A), a subunit vaccine designed to increase immune protection conferred by BCG, has been found
to induce high levels of antigen-specific IFN-␥-secreting
CD4⫹ T cells in individuals previously vaccinated with BCG
(28, 29, 31).
CD4⫹ T cells can differentiate into diverse effector cell subsets upon antigenic stimulation and the classical Th1/Th2
paradigm has now been expanded to include Th17 and T-regu-

latory (Treg) cells. Th17 cells are potent inflammatory cells
which produce interleukin-17A (IL-17A) as their hallmark cytokine (17, 30). Th17 cells are mainly known for their role in
mediating autoimmune pathology (19, 35) but are also thought
to be involved in mediating protection against certain extracellular pathogens and fungi which are not effectively cleared
by Th1- and Th2-type responses (12, 20). In contrast to Th17
cells, Treg cells comprise a regulatory cell subset of CD4⫹ T
cells which act to suppress T-cell responses and are thereby
thought to prevent pathology from chronic or excessive immune responses (21, 32, 33).
Although a role has been defined for Th17 cells and Treg
cells in other diseases, their role in TB remains unclear and
even less is known about the effect of vaccination on these
T-cell subsets.
Clinical trials evaluating the safety and immunogenicity of
MVA85A in BCG-vaccinated adults provide an opportunity to
further investigate the induction and dynamics of vaccine-induced Th17 cells and Treg cells. Determining the effect of
vaccination with MVA85A on these T-cell subsets is important, as protection from TB is likely to be dependent not only
upon a Th1 response but also upon the balance between this
effector response and the Th17 and Treg responses.
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MATERIALS AND METHODS
Vaccine study participants. Subjects were recruited for clinical trials approved
by the Medicines and Healthcare products Regulatory Agency and the Gene
Therapy Advisory Committee. All of the trials were registered on a clinical trials
database (ClinicalTrials.gov ID NCT00465465, NCT00456183, NCT00427830,
and NCT00653770). Samples from four clinical trials were investigated in this
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TABLE 1. Doses of MVA85A received by subjects in the trials
investigated in this study
Trial

Dose (PFU) of MVA85A

High dose............................................................................1 ⫻ 108
Medium dose......................................................................5 ⫻ 107
Low dose.............................................................................1 ⫻ 107
Latently infected cohort....................................................5 ⫻ 107

Biosciences) were used as controls and to automatically calculate compensations.
All antibodies were titrated for optimal staining.
Treg cell detection. Treg cells were detected using a human regulatory T-cell
kit (eBioscience). Cells were stained with vivid LIVE/DEAD, CD19-PB (eBioscience), CD14-PB (Invitrogen), CD4-APC, CD25-FITC, and CD39-PE (all
from eBioscience). After washing, cells were permeabilized with fixation/permeabilization buffer and stained intracellularly with FoxP3 AF700. Cells were resuspended in fluorescence-activated cell sorter (FACS) buffer for sample acquisition. Cells were acquired on an LSR II, and the data were analyzed using
FlowJo. Unstained cells and singly stained anti-mouse Ig/ compensation beads
(BD Biosciences) were used as controls and to automatically calculate compensations. All antibodies were titrated for optimal staining.
Statistical analyses. Wilcoxon signed-rank tests, Mann-Whitney tests,
Kruskal-Wallis tests, and Spearman rank correlations were performed using
SPSS statistical software (SPSS, Inc.).

RESULTS
Peak IL17A secretion occurs later than the peak IFN-␥
response in individuals receiving a high dose of MVA85A. The
kinetics of IL-17A secretion were investigated in BCG-vaccinated individuals receiving a high dose of 1 ⫻ 108 PFU of
MVA85A (5). Low levels of antigen-specific IL-17A secretion
were detectable in all of the subjects at all of the time points
investigated. IL-17A secretion in response to r85A and PPD
was found to peak at 4 weeks postvaccination, with levels of
IL-17A being significantly higher than the levels observed on
the day of vaccination (r85A, P ⫽ 0.016; PPD, P ⫽ 0.031) (Fig.
1A and C). IL-17A secretion in response to the peptide pool of
antigen 85A peaked at week 2 and was significantly higher than
the baseline response at both week 2 (P ⫽ 0.016) and week 4
(P ⫽ 0.031) postvaccination. The kinetics and magnitude of the
IL-17A response differed from those of the IFN-␥ response
seen with this vaccine. Antigen 85A-specific IFN-␥ responses
were found to peak 1 week after vaccination and were a median of 1,645 spot-forming cells (SFC)/million at this time
point, approximately 100-fold higher than the peak IL-17A
response seen in our study in response to r85A following the
same dose of MVA85A (5). The highest antigen-specific IL17A responses observed were to r85A and the peptide pool of
antigen 85A, which is not surprising, as antigen 85A is the
antigen in MVA85A.
The dose of MVA85A affects the induction of antigen-specific IL-17A-secreting T cells. As IL-17A responses peaked at
week 4 in the high-dose cohort, samples collected at weeks 0
and 4 from subjects in other clinical trials with MVA85A were
investigated. These subjects were BCG immunized and received either a low dose of MVA85A (1 ⫻ 107 PFU) or a
medium dose of MVA85A (5 ⫻ 107 PFU) (29). There was no
significant induction of IL-17A-producing cells following either
low-dose or medium-dose MVA85A immunization (P ⬎ 0.05)
(Fig. 2A and B). The fold increase in IL-17A prevaccination
and 4 weeks postvaccination in response to r85A was determined, and a significant increase in the fold change in IL-17A
secretion was seen only in subjects receiving the higher dose of
MVA85A (P ⬍ 0.05) (Fig. 2C). There was no difference in the
fold change in IFN-␥ responses across the different doses of
MVA85A in these volunteers prevaccination and 4 weeks postvaccination (Fig. 2D).
Individuals latently infected with M. tuberculosis do not have
increased numbers of IL-17A-producing T cells following immunization with MVA85A. We then investigated the induction
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study, and the dose of MVA85A administered in each of these is shown in Table
1. All participants in the high-, medium-, and low-dose trials were BCG-vaccinated adults (maximum Heaf test reaction grade II, negative by ex vivo enzymelinked immunospot [ELISPOT] assay for ESAT-6 and CFP-10) 18 to 50 years of
age who tested seronegative for HIV, as well as hepatitis B and C viruses (5, 29).
Participants in the cohort latently infected with M. tuberculosis were healthy
adults, most of whom had been BCG vaccinated (Heaf test grade II-IV, positive
on ex vivo ELISPOT for ESAT-6 and CFP-10), between 18 to 50 years of age
who tested seronegative for HIV as well as hepatitis B and C viruses (34). Eight
subjects were selected from each trial. Samples were investigated at week 0 (the
day of MVA85A vaccination) and at 1, 2, 4, and 24 weeks after vaccination for
the high-dose group. Samples from week 0 (day of MVA85A vaccination) and
week 4 were investigated for all of the other trials.
PBMC preparation. Peripheral blood mononuclear cells (PBMCs) obtained
from vaccinated subjects were frozen in freezing mix (50% fetal bovine serum
[FBS; BioSera Ltd.], 40% RPMI 1640 with 10% dimethyl sulfoxide [both from
Sigma-Aldrich]) at the time of sample acquisition, in aliquots containing approximately 5 ⫻ 106 PBMC/ml. Samples selected for investigation were removed
from long-term storage in liquid nitrogen and placed on dry ice in preparation for
thawing. Vials were flash thawed at 37°C and then thawed into 9 ml of R10
medium (RPMI 1640 from Sigma-Aldrich, 10% FBS [Biosera Ltd.], 2 mM
L-glutamine; 100 U/ml penicillin, 100 g/ml streptomycin sulfate, 1.7 mM sodium
glutamate [all from Invitrogen]). After transfer into R10 medium, cells were
washed twice and left to rest with Benzonase (Novagen) for 2 h at 37°C in 5%
CO2. Cells were washed and resuspended at approximately 1 ⫻ 106 PBMCs/ml
and counted in duplicate using a CASY cell counter (Schärfe System GmbH).
Ex vivo IL-17A ELISPOT assay. The ex vivo IL-17A ELISPOT assay (eBioscience) was performed with PBMCs according to the manufacturer’s protocol.
Two hundred fifty thousand PBMCs per well in 100 l R10 medium were plated
onto precoated ELISPOT assay plates (Millipore UK Ltd.) in the presence of
antigen. The cells were stimulated with recombinant antigen 85A (r85A; 10
g/ml; Leiden University), purified protein derivative (PPD; 20 g/ml; Statens
Serum Institute), and the total peptide pool from antigen 85A (one pool of 66
15-mer peptides overlapping by 10 amino acids; 2-g/ml final concentration of
each peptide per ELISPOT assay well [29]) for 18 h at 37°C in 5% CO2. PMA
(phorbol 12-myristate 13-acetate; 1 g/ml; Sigma-Aldrich) and ionomycin (0.01
g/ml; Sigma-Aldrich) were used in combination as a positive control. Cells and
medium alone were used as a negative control to assess background levels of
IL-17A secretion. Assays were developed using color-developing agents (BioRad AP conjugate substrate kit, Bio-Rad AP developing buffer), and ELISPOT
assay plates were counted using the AID plate reader software (AID; Cadama
Medical). Assays were performed in duplicate, and the results from duplicate
wells were averaged. The ELISPOT assay data were analyzed by subtracting the
mean number of spots in the negative-control wells from the mean number of
spots in the antigen and peptide pool wells. Responses at least double the
background were considered positive.
Intracellular cytokine staining (ICS) assay for IL-17A. To detect IL-17Aproducing cells, PBMCs from subjects in the high-dose group were stimulated
with PMA (1 g/ml) and ionomycin (0.01 g/ml) or r85A (10 g/ml) in the
presence of anti-CD28 (0.5 g/ml) and anti-CD49d (0.5 g/ml) antibodies (both
from BD Biosciences) and incubated at 37°C in 5% CO2. After 6 h, brefeldin A
(10 g/ml; Sigma-Aldrich) was added to the stimulated cells. Following stimulation, cells were washed and stained with vivid LIVE/DEAD (Invitrogen),
CD14-Pacific blue (PB) (Invitrogen), CD19-PB, and CD4-allophycocyanin
(APC) (both from eBioscience). After washing, the cells were permeabilized with
fixation/permeabilization buffer (BD Biosciences) and stained intracellularly
with CD3 phycoerythrin (PE)-Cy5, IFN-␥–fluorescein isothiocyanate (FITC),
IL-17A–PE (all from eBioscience), and CD8-APC-AlexaFlour750 (Invitrogen).
Cells were acquired on an LSR II (BD Biosciences) using FACSDiva software
(BD Biosciences) and analyzed using FlowJo, Version 8.3 (Tree Star, Inc.).
Unstained cells and singly stained anti-mouse Ig/ compensation beads (BD
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of IL-17A secretion in latently M. tuberculosis-infected subjects
vaccinated with a medium dose of MVA85A (5 ⫻ 107 PFU), as
adults exposed to mycobacteria have been shown to have high
levels of IL-17A-producing T cells (36). There was no significant increase in the number of IL-17A-producing T cells in
latently infected subjects following immunization with a medium dose of MVA85A (Fig. 3). This indicates that the induction of IL-17A-producing cells is similar in subjects with and
without latent disease who receive 5 ⫻ 107 PFU of MVA85A.
It would be interesting to determine the effects of 1 ⫻ 108 PFU
of MVA85A on the induction of IL-17A-producing T cells in
individuals latently infected with M. tuberculosis. There has,
however, been no clinical trial of the 1 ⫻ 108-PFU dose of
MVA85A in HIV-negative adults latently infected with M.
tuberculosis, so we were unable to make that comparison in this
study.
Treg cells are affected by immunization with MVA85A. To
determine the impact of immunization with MVA85A on circulating Treg cells, PBMCs from subjects across all of the trials
were stained for Treg markers pre- and postimmunization. In
addition to the classical Treg markers CD4, CD25, and FoxP3,
cells were also stained for CD39. The CD39 protein is an ATP
diphosphohydrolase which hydrolyzes extracellular ATP and
ADP to AMP and has recently emerged as a functional marker
for Treg cells (7, 10, 27). To identify Treg cells, CD4⫹ CD25hi
events were selected by gating any events that were above the
CD4⫺ CD25⫹ events (2), and then individual function gates

were drawn for FoxP3- and CD39-positive events (Fig. 4A and
B). The Boolean gate platform in FlowJo was then used to
create all of the possible combinations of response patterns
(37). CD4⫹ CD25hi CD39⫹ cells and CD4⫹ CD25hi FoxP3⫹
cells were compared preimmunization and at 4 weeks postimmunization (Fig. 4C and D). Investigating these two cell populations, a small but statistically significant decrease in CD4⫹
CD25hi CD39⫹ cells was found following immunization in the
high-dose trial (P ⬍ 0.05) (Fig. 4C). This effect was not seen at
other vaccine doses (Fig. 4C). There was no change in the
circulating numbers of CD4⫹ CD25hi FoxP3⫹ cells following
immunization (P ⬎ 0.05) (Fig. 4D).
IFN-␥ responses preimmunization affect circulating Treg
cells and IL-17 responses. As circulating CD4⫹ CD25hi
CD39⫹ cells were decreased postimmunization in the highdose trial, Treg responses were correlated with IFN-␥ and
IL-17A responses to MVA85A, as determined by ELISPOT
assay. A weak positive correlation was found between the
IFN-␥ response to PPD preimmunization and circulating
CD4⫹ CD25hi CD39⫹ cells pre- and postimmunization (P ⫽
0.04, r ⫽ 0.731 and P ⫽ 0.031, r ⫽ 0.755, respectively) (Fig.
5A). This suggests that prior exposure to mycobacterial antigens may be associated with higher levels of circulating Treg
cells following subsequent immunization. In addition to this, a
negative correlation was found between the IFN-␥ response to
PPD preimmunization and the IL-17A response to PMA and
ionomycin pre- and postimmunization (P ⫽ 0.047, r ⫽ ⫺0.714
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FIG. 1. Antigen-specific IL-17A is significantly increased following vaccination with MVA85A. Shown are responses to r85A (A), responses to
the total peptide pool of antigen 85A (B), and responses to PPD (C). IL-17A ELISPOT assay responses observed across all of the subjects over
the time course investigated are expressed as numbers of SFC per 1 million PBMCs. The median is represented by a solid line. *, P ⬍ 0.05 versus
week 0 (Wilcoxon signed-rank test).
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and P ⬍ 0.01, r ⫽ ⫺0.976) (Fig. 5B). The Treg response prior
to immunization was also found to negatively correlate with
the capacity of cells to produce IL-17A pre- and postimmunization (P ⫽ 0.031, r ⫽ ⫺0.755) (Fig. 5C). In contrast, the
specific IL-17A response to antigen 85A pre- and postimmunization did not correlate with the Treg responses prior to
immunization.
DISCUSSION
Immunization of BCG-vaccinated subjects with MVA85A
has elicited high levels of antigen-specific IFN-␥-secreting T
cells in recent clinical trials (5, 29, 31). The study reported here
demonstrates that in addition to the induction of a strong Th1

response there is also a clear induction of antigen-specific
IL-17A-secreting cells and a decrease in CD4⫹ CD25hi CD39⫹
Treg cells in circulation following immunization with a high
dose of MVA85A. These two cell types, which may play a role
in protection against TB, have so far not been investigated
comparatively following immunization with various doses of
MVA85A. Here the magnitude and dynamics of IL-17A production and Treg responses were investigated in a series of
phase I clinical trials assessing the safety and immunogenicity
of different doses of MVA85A.
The recently identified Th17 cell subset has been shown to
be associated with increased protection from disease following
mycobacterial challenge in the murine model (23). However,

Downloaded from http://cvi.asm.org/ on September 25, 2020 by guest

FIG. 2. The dose of MVA85A administered affects the fold change in IL-17A secretion in response to r85A. IL-17A responses in the
medium-dose trial (A) and IL-17A responses in the low-dose trial (B) are not significantly increased following immunization with MVA85A. Also
shown are the fold increase in IL-17A responses observed across different vaccine doses (C) and the fold increase in IFN-␥ responses observed
across different vaccine doses (D). IL-17A and IFN-␥ responses to r85A are shown as numbers of SFC per 1 million PBMCs. The median is
represented by a solid line. *, P ⬍ 0.05 versus dose of MVA85A (Mann-Whitney test).
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the role of Th17 cells in protection against TB remains controversial, as Th17 cells are also implicated in TB immune
pathology (24). Determining the effect of vaccination upon the
Th17 cell subset is important, as protection from TB is likely to
be dependent not only upon a Th1 effector response but also
upon the balance between a Th17 and a regulatory T-cell
response. Antigen-specific increases in IL-17A were seen in
response to vaccination with a high dose of MVA85A, although the magnitude of the IL-17A response was relatively
modest, at approximately 100-fold lower than that seen for
IFN-␥ in these same volunteers at the peak time point (5). A
Th17 response 5- to 10-fold lower than the Th1 response has
previously been reported in mice infected with M. tuberculosis
(23, 25). Khader et al. found that the low-frequency Th17 cells
were important for immune protection from M. tuberculosis, as
they recruited IFN-␥-producing T cells to the lung (23). In
challenge studies with cattle, MVA85A-induced IFN-␥ and
IL-17 responses have been associated with protection against
Mycobacterium bovis challenge, although the relative levels of
Th1 and Th17 could not be assessed in this experiment (39). In
the experiments performed by Khader et al., the kinetics of the
Th17 and Th1 responses were the same although the response
magnitudes differed. In our experiments, we found that the
Th17 response was delayed compared to the Th1 response and

FIG. 4. Gating strategy for the identification of Treg cells in PBMCs and effect of immunization on Treg cells. CD4⫹ CD25hi cells were gated
according to Baecher-Allan et al. (2) (A). Individual function gates were drawn for CD39- and FoxP3-positive cells (B). CD4⫹ CD25hi CD39⫹ cells
are reduced following immunization with a high dose of MVA85A (C). CD4⫹ CD25hi FoxP3⫹ cells are not affected by immunization (D). The
mean fold change (plus the standard error of the mean) in the responses of eight or nine individuals at week 0 compared to 4 weeks following
immunization with MVA85A is shown. The M. tuberculosis-infected cohort received a medium dose of MVA85A. *, P ⬍ 0.05 versus dose of
MVA85A (Kruskal-Wallis test).
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FIG. 3. Individuals latently infected with M. tuberculosis do not
have increased numbers of IL-17A-producing T cells following immunization with MVA85A. IL-17A responses preimmunization (F) and
postimmunization (Œ) are shown as numbers of SFC per 1 million
PBMCs in response to r85A, the peptide pool of 85A and PPD. The
median is represented by a solid line.
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peaked at 4 weeks rather than 1 week following vaccination
with MVA85A. BCG vaccination has been shown to rapidly
suppress a Th17 response, which is thought to be due to a
strong induction of IL-12p70 and a reduction in IL-23 (11). It
is possible that a strong and rapid induction of a Th1 response
by MVA85A leads to a delay in the generation of a Th17
response.
A significant induction of IL-17A was only detected in the
high-dose trial. Though the data are not shown, flow cytometry was used to investigate the phenotype of cells producing
the IL-17A detected by ELISPOT assay. In the literature,
PMA and ionomycin are often used to nonspecifically stimulate the induction of IL-17A responses to determine the
capacity of cells to produce IL-17A, as antigen-specific IL17A responses are generally of a low magnitude (23, 38).
Stimulating PBMCs from subjects in the high-dose trial with
PMA and ionomycin induced IL-17A- and IFN-␥-producing
cells in all of the subjects. Stimulating cells with r85A only
induced low levels of antigen-specific responses. Results
above the baseline were only obtained for the highest IL17A responder in the ELISPOT assay, where IL-17A-producing cells were subsequently identified to be CD4⫹ T
cells, as previously identified in other studies (17, 36). That
IL-17A responses above the baseline in the ICS assay were

only detected for the highest responder in the ELISPOT
assay suggests that the ELISPOT assay is more sensitive
than the ICS assay in detecting antigen-specific responses of
low magnitude, as investigated here. In contrast to our findings, using a whole-blood ICS assay, healthy, mycobacteriumexposed adults in South Africa have been found to have high
levels of CD4⫹ IL-17⫹ T cells and more than 20% of the
antigen-specific cytokine-producing CD4⫹ T cells were shown
to express IL-17 or IL-22 (36), another Th17 cell effector
cytokine (4). Using the same whole-blood ICS assay, CD4⫹
IL-17⫹ T cells were also identified in South African subjects
vaccinated with MVA85A (18). We have previously compared
the whole-blood ICS assay with our PBMC-based ICS assay
and have found differences in the abilities of these assays to
detect IFN-␥-producing CD8⫹ T-cell responses, which are easily detected in the 12-h whole-blood assay and undetectable in
the ex vivo ELISPOT and PBMC flow assays (5). It is possible
that IL-17A responses are also differentially detected in whole
blood and PBMCs, and this phenomenon is currently under
further investigation in our laboratory. United Kingdom adults
latently infected with M. tuberculosis and immunized with
MVA85A were investigated for IL-17A responses in this study.
No difference in the induction of IL-17A-secreting cells was
seen in latently infected compared to noninfected individuals.
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FIG. 5. Previous exposure to mycobacterial antigens affects IL-17A and Treg responses. IFN-␥ responses to PPD preimmunization positively
correlate with CD4⫹ CD25hi CD39⫹ cells preimmunization (F) and postimmunization (Œ) (A). IFN-␥ responses to PPD preimmunization
negatively correlate with IL-17A responses to PMA and ionomycin preimmunization (F) and postimmunization (Œ) (B). The Treg response prior
to immunization negatively correlates with the capacity of cells to produce IL-17A preimmunization (F) and postimmunization (Œ) (C). Spearman
rank correlations are shown. IL-17A and IFN-␥ responses are expressed as numbers of SFC per 1 million PBMCs. CD4⫹ CD25hi CD39⫹ T-cell
responses are expressed as frequency of parent.
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